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i Method for 



density semiconductor hetarostructure and devices made 



) Applicants have discovered that by growing 
germanum-siicon aitoy at high temperatures In 
excess of about 850* C and increasing the 
germanium content at a gradient of less than 
about 25* per micrometer, one can grow on 
sHicon targe area hetefostmctures of graded 
Ge.SU- esoy having • low level of threading 
olstocation defects. With low concentrations of 
germanium (.104 x 3-50). the hetertxayer can 
be used as a substrate for grew^stnijjed 
layer s9icon devicee such as MODFET& WHh 
high concentrations of Ge (.65 s x S 100) the 
heterctayer can be used on silcon aubetratas as 
a butler layer tar Indium gafflum phosphide 
devices such as Dght emitting dtodes and las- 
ere. At exam ination s of pure p^rmartum 
(X>1.00), the heterotoyer can be used for GaAs 
or GaAs/AIGaAs devices. 
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SUBSTRATE 
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LAYER OF Ge-Si ALLOY 
AT HIGH TEMPERATURE 



GROW CAP LAYER AT 
FINAL COMPOSTTTION 



GROW SEMICONDUCTOR 
LAYER ON TOP 
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Held the Invention 

This Invention relates to e method for making a semiconductor heterostructure tfgermantam-safcon 8 Hoy 
that has low threading dislocation density In the alloy layer and to devices made thereby. Such tow defect struc- 
tures are particularly useful as buffer layers for making semiconductor devices comprising indium gallium phos- 
phide, gallium arsenide or strained layers of silicon. 

Background of the Invention 

There is considerable interest In heterostructure devices involving greater epitaxial layer thickness and 
greater lattice misfit than present technology wffl allow. For example. 1 has long been recognized that germ* 
nkmvsnicon afloy Ge*Slv» grown on slicon substrates would permit a variety of optoelectro nic devi ces, such 
as IJEDs, manTing the eiectroriic prc« 

noiogy avaiabie in direct band semicoriductors. Indeed, a has been proposed that an intennetftate epflaxial 
layer of germanium-sflfcon alloy would permit the epitaxial deposition of gallium arsenide overlying a slicon 
substrate and thus permit a variety of new optoelectronic devices using sifeon electronic components end gal- 
Hum arsenide optical components. However, despite the widely recognized potential advantages of such com- 
bined structures and despite substantial efforts to develop them, their practical utfhy has been limited by high 
defect densities in heterostructure layers grown on silicon substrates. 

Dislocation defects partition an otherwise monolithic crystal structure and irrtroduce unwanted and abrupt 
changes n electrical and optical properties. Dislocation defects erbe in efforts to eptaxially grow one kind of 
crystalline material on a substrata of a different kind of material due to different crystal lattice sizes of the two 
materials. Dislocations form at the mismatched interface to relieve the misfit strain. Many of the misfit disloca- 
tions have vertical components, termed threading segments, which extend at a slant angle through any sub- 
sequent layers. Such threading defects in the active regions of sernfcorxtuctor devices seriously degrade device 
performance. 

• A variety of approaches have been used to reduce dislocations with varying degrees of success. One ap- 
proach is to limit the heterotayer to a thin layer of material that has a lattice crystal structure closely matching 
the substrate. Typically the lattice mismatch is within 1 % and thickness of the layer is kept below a critical thick- 
ness for defeafbrmaticn. In such structures, the substrate acts as a template for growth of the heterotayer which 
elastic^ conforms to the substrata template. Whte this approach eliminates dislocations in a number of struc- 
tures, mere are relatively few near tatfce-matched systems win large energy band offsets. Thus with this ap- 
proach the design options for new devices are limited. ' 

A second approach set forth in the copending application of E. A. Fitzgerald. Serial No. 07/561744 fled 
August 2. 1990. utilizes heteroiayerB of greater thickness but limited lateral area. By making the thickness suf- 
ficiently large as compared with the lateral olmension, threading dislocations are permitted to exit the sides of 
layer. The upper surface is thus left substantially free of defects. This approach permits the fabrication of a va- 
riety of devices and ckcuBa which can be made on limited area surfaces having an area of less than about 
10,000 square micrometers 

A third approach is to deposi successive layers of eenrtanium-sflicon alloy on a slicon substrate, increas- 
ing the germanium content with each successive layer. The goel b to avoid dislocations by spreading the strain 
among successive layers. Urtfortunatety mis approach has not worked. For example, ft has been found that 
step grading 20% Ge over 2000 angstroms to produce pumGe results in substantially tto 
density as depositing pure Ge on SI See J. W. Barlbeau et at, 63 Journal of Applied Physics 5738 (1988). 
Applicants befieve that this approach fais because at conventional growth temperatures -typically about 550* 
C~ the infflal layer of SH5e is aln^ entirely elastk^sirairied 

germanium content Is applied, the, mismatch between the two Sl-Ge layers Is nearly that between the initial Si- 
Ge layer and the Si substrate, resulting in high dislocation density. Accordingly, there is a need for Tmethod 
of making large area, low defect note restructures on silicon. 

Summary of the invention 

Applicants have discovered that by growing germanium-silicon alloy at high temperatures in excess of 
about 850* C and increasing the germanium content at a gradient of less than about 25% per micrometer, one 
can grow on sfficon large area heterostructures of graded Ge^U alloy having a low level of threading dislo- 
cation defects. With tow concentrations of germanium (.10* x s .50). the heterolayer can be used as a substrate 
for growing strained layer slicon devices such as MODFETS. With high concentrations of Ge (.65 a x 3 1 .00) 
the heterolayer can be used on silicon substrates as a buffer layer for indium galBum phosphide devices such 
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as light emitting diodes and lasers. At concentrations of pure germanium (X*1.00). the heteroiayer can be used 
for GaAs or GaAs/AIGaAs devices. 

Brief Description of the Drawing 

In the drawings: 

FIG. 1 is a block diagram llustrating the method of making a low defect density semiconductor heterostruc- 
ture. 

FIG. 2 is a schematic cross section of a strained sPicon layer MODFET; 
FIG. 3 is a schematic cross section of an indium gallium arsenide surface emitting LED; and 
Fig! A is a schematic cross section of a gallium arsenide LED with integrated drive transistor, 
tt is to be understood that these drawings are nottoscaie. 

Detailed Description 

Referring to the drawings. FIG. 1 is a flow diagram illustrating the process for making a low defect density 
semiconductor heterostructure in accordance with the invention. As shown, the first step is providing a slicon 
substrate. Preferably the substrata Is a standard (100) oriented silicon wafer of the type typteaWy used In the 
fabrication of integrated drcufta. Advantageously, as a preliminary step, the substrate is provided with one or 
more large area recessed tubs by conventional photolithographic patterning and etching. The tubs can have 
an area in excess of 12.000 square mkrorneters and a depth of several micrometers, depending upon the thick- 
ness of germannjrn-sricon aloy to be grown. The objective is to provide a tub of proper depth so mat a ger- 
manium-saicon alloy layer grown in the tub wffl be substantially copbnar with the non-recessed portion of the 

silicon substrata. . , 

The second step of the process is to grow at high temperature on the s3icon substrata a farg e area, graded 
layer of germanlum-sBloon afloy. Ge s Sl l . r The growth process b preferably chemical vapor deposition (CVD) 
or molecular beam epitaxy (MBE). The substrate growth starting temperature should be in the range 850* C - 
1100° C. and the area of the graded afloy can exceed 12.000 square micrometers. The starting composition 
is preferably pure slicon. Germanium is introduced to form Ge^i v , at a gradient of less than about 25% per 
micron. Preferably the gracing is linear at a rate of about 1 0% per micron. Alternatively the grading can be step- 
wise at sroBar gradients. As the germanium content of the aBoy increases, the growth temperature is advan- 
tageously scaled down in proportion to the reduced melting temperature of the alloy. The objective is to avoid 
melting the afloy. Graded growth of Ge*Siv, is continued until a desired final composition is reached. 

The choice of final composition depends upon the intended use of the heterostructure. rf. for example, the 
structure is to be used as a substrate for growing a strained layer sffleon device, the final Ge concentration 
should fail within the range of 1 0-50%. If the structure ta to be used as a substrate f« an i^^ 
phide device, the final Ge concentration siwuld fan wimto the ranged^ 

tore Is to be used as a substrate for GaAs or GaAs/AIGaAs devices, the Ge concentration Is preferably about 

100%. ta 

After the desired final composition is reached, an optional cap layer with the same final composition can 
be pjovm on trie ffaded layer to a Wctaw 

crorneter. The effect of the cap layer is to furtfier relax the low levd of residue 
layer. 

The fabrication and structure can be understood In greater detail by corttHeration of the following specific 



Example 1: Heterostructure Substrata (MBE) _ 

A (100) oriented silicon substrata is provided with a large area rectangular tub approximately ten micro- 
meters deep by covering the major surface with a masking layer of silicon oxide, etching a rectangular opening 
in the oxide mask to define the periphery of the tub. and then etching me exposed silicon with ethy1er)e-diarrane- 
pyrocatechol (EOF). The EDP etch produces smooth tub surfaces with skjewafla in the (1 1 1) planes of the sB- 
icon substrate. The substrate Is then cleaned with a 3:1 mixture of HjSO, and HA for ten minutes and with 
buffered HF for 1 minute. 

The cleaned substrate is placed In a Riber EVA 32 Silicon MBE Apparatus controlled by a Sentinel 3 De- 
position Rate Controller. The chamber is evacuated to a pressure of less than 10*Torr, and any oxide on the 
tub surfaces is dissociated by heating the substrate to about 800* C and applying a tow flux slicon beam at a 
rate of about 0.05 angstrom/a. Silicon growth at higher rate is continued to a thickness of about 0.1 micrometer 
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,. Torowtt. is begun with pure sJieon et e rate of about 3 angstroms per second The total 

Xth EES Xdu an, german.m * a Pnear gradient of about ^P«^~ 
ZlTle^oZv growth near them* equilibrium. The parameter variations (or graded grow* to 100% 

temperature and current rates at various times Into growth. 



PARAMETER VARIATIONS FOR lPSMataon CRAEttNO 



Suiting Rates gengacj): ggc ■ 67jg3 
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After 100% germanium is reached, a final gemunhom cap layer having a thickness in the range between 1000 

anostroms and one micrometer Is grown on top. ^ . t . At ^A 

Suites with less than 100% germankm, can be obtained by terminating graded growth at the desired 
germanium concentration and growing the final cap layer at that coneentraoon. 

Example 2: Hetaoalnicture Substrate (CVP) 

' A. pralWnary ateps. a 100 mm (100) Si wafer was deaned in dluteHF (1% in M ^«^" 
The wrfer waa^dedTnto an RTCVD reader and pumped down to a base pressure of ^J£^J» 
Cheated to 1000- C tor 15 seconds in flowing Hj (31pm) to remove res.dual oxygen end orton. and then 
cooled in 2 seconds to goo* C. 
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After these preliminary steps, deposition was commenced by depositing a S. buffer apprwsnately 1000 A 
ink*. This was accomplished usin 8 SiHjCI, (1% in H* 1 1pm) for 1 minute at a pressure of about 4 Ten Im- 
mediately thereafter. GeK> (1% GeH. in Hj) was introduced gradually to create a St-Ge alloy layer that <n- 
creasad ftomO to 50% Ge. The GeH, flow can be increased by 4 scon flow i""^^«*T^ 
SM.a. was decreased by the same flow increment in the same tone scale: thus, the total GeH, and SH^l, 
to.**, maintained * 1 Ipm. Deposition at 900- C resulted m a SWSe gredad alloy layer that continuaSy relaxed 

Heterostructures fabricated as described in Examples 1 and 2 demonstrate a reduction in defects as com- 
pared with ccnverrttonaBy fabricated heterostructurea. Triple crystal X-ray diffraction shows that to 0. W< cx< 
0 50 the layers are tetany relaxed. The Ge.Siv . cap layers, when examined by plan-view and cross-sect™ ai 
transmhsion electron rnicroscopy are threading dislocation free. Electron beam induced current mages re- 
vXeX^S dislocations^ of *x10^0*cm-forX=0^ and 3x10*2x10. cm* for M 
Ptatotummesc^ 

^ These low defect rwterostructores can serve as buffer layers for epItaxJaKy growing a wide variety of de- 
vices varying from those employing strained layer of silicon to those employing IM-V semiconductors. 

FK32ls a schematic cross section of a device employing a low defect hetarostiucture to produce a strained 
silken MODFET. In essence the MODFET is fabricated on a heterostructure comprising a Ge^v, cap layer 
Igmwncnagradedlayer^aJIdisp^ 

The MODFET fabricated on the heterolayer comprises, in essence, a strained layer of sSicon 4 epitaxtalJy 
grown on layer 1. Another layer 5 of Ge*SU. , (initially intrinsic but ivdoped attar 50 to 900 ahgstrc^) is yown 
ovartr*sZ.erid^ 

4 Ohmfc contacts 8A and 8B are made with the n* contact regions 6A and 6B. and a Schottky earner contact 
7 to layers is disposed between the spaced apart ohmic contacts. A dielectric layer 9 advantageously separates 
the contacts 7, 8A, and 8B. ' 

Silicon Iayer4 preferably has a thickness in the range 100 angstroms to 1000 angstroms and b preferably 

undopod. i » • 

Ge^SI, layer 5 preferably has a thickness in the range 50 angstroms to 1 000 angstroms. Layer 5 is pre- 
ferably intrinsic for 50 to 900 angstoms and then n* doped with antimony, phosphorus or arsenic to a concen- 
tration in the range 1x10' W - 5x10«/cm». Layer 5 preferably has a concentration of Ge not less than that 
of cap layer 1. 

The n* contact regions 6A and 6B are preferably formed by implanting antimony, arsenic or phosphorus 
to sBicon layer 4 at a concentration of 1 0«/cm». The ohmic contacts 8A and 8B can be layers of aluminum and 
me S(rf^ contact 7 can be a laywrf platinum. 

The resulting MODFET acts as a field effect transistor with the advantage of higher speed The application 
of a signal voltage bias to the Schottky contact 7 (comnwnJy known aa the gate) changes the electron density 
Inside the SI layer 4. which in turn changes the sheet wnouctance of the channel between 8A and 8B and results 
in transistor action. The strained sitcon layer is a particularly Wgh speed path for at least three reasons: 1) the 
straining of the sik*n altera the energy bands of the sBkon to favor conduction by low effective mass. Wgh 
mobSIiy electrons, 2) the silicon layer is free of Impurities to interfere with electron flow, and 3) the sfflcon layer 
grown on a tow defect substrata has a low concerrtration of defects to interfere 

FIG 3 is a schematic cross section of an indium gallium arsenide surface emftbng LED fabricated on a 
heterolayer Specifically, the LED 20 b fabricated on a heterostructure comprising a Ge.SK., layer 12 grown 
within a large area tub 11 on a si icon substrate 1 0. The heterostructure is fabricated essentially as described 
above, except that the Ge,Siv . ia doped with p-typa impurities, such as Be. to a concentration of 1 O'»orr* 

The LED 20 to fabricated on the Ge^l> , using conventional processes such as chemical beam epitaxy to 
form the constituent layers 21-25 whose thicknesses, constituency and doping are set forth in tabled below: 
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Tabic 2 

Layer No. Compositioa Sickness Dopant Conctmranon 



21 


In y (Ga w AJ x h_ y P 


1 micrometer 


n*(Si) 


10" cm"' 


22 


In^CGai-.Al^i-wP 


0-5 micrometer 


n(Si) 


10" cm' 3 


23 


ln„(Gai-,Al,)i- B P 


0.2 micromeier 


none 


intrinsic 


24 


fai w (Ga l - x Al l)l ^P 


05 micromeier 


p(Be) 


10" cm*' 


25 


'In v (Oa 1 - a Al 1 )i-,P 


1 micrometer 


p*(Be) 


I0'*cm- 3 



_ ;9mflfflwn me next step « to form ohm* contacts and to isolate the device. 

erephteaOy the rr^ contadring 26 can be etched awa^Using 

ToBolatemedK^the^rtK^a^^ouB ^ |ayaf 21 . p^erBbly 

a photoresist cirde as a mask, a ^ sld , walla around the periphery of ring 

etching Is by reactive Ion etching m order to obtain a mesa wttn vert™. 

26. .... ^«» n n« M osed^dopedlayer21 asbydepwttrflalayerofgtid- 

Na,, chmic ^Z^^T^T^l^xZ 27 around «r* meaa. F« further Isc- 
germankim alloy and photomhogra^hlcally d^mg ^ ^ 2 1. 

Won. a mesa concentric wtt » aXrrung metal interconnects 29 to 

center of ring 2a .mhodlmeiitiethrtlhaa 

of LED 30. . „<, no tt» Ge surface, as by MBE, a layer of p- 
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The LED 30 can be connected to transistor 40 with aluminum interconnects 36. , 

Drive transistor 40 consists essentially of an n-type emitter 41 , a p-type base 42 and an n-turn collector 
43 integrally fabricated on silicon substrate 10 In accordance with conventional techniques weD known in the 

3ft This example illustrates the important advantage that the invention permits silicon electronic components 
(e g transistor 40) and lll-V semiconductor optical components (e.g. LED 30) to be fabricated on the same sub- 
strata. Clearly, much mora complex circuits can be fabricated on the structure. 



Claims 

1. A method for making a serrdconductor device comprising the steps of: 

providing a rnonocrystalline silicon substrate * Jt . 

epitaxy growing on said silicon substrata at a temperature tn excess of 850- C a graded layer 
of GeJSJv with Increasing germanium content at a gradient of less than about 25% per micrometer, 
epitaxial* growing a layer of serrwcortductor material above said graded layer of Ge,Si,. P 

2. The method of claim 1 wherein said layer of semiconductor material comprises a cap layer ofGe-Si alloy 
having the same composition as the surface of the graded layer and a thickness in excess of 100 ang- 



3. The method of daim 1 wherein said graded layer of Ge.Siv. has a final cornposition in the range 0.1 * x 
S 0.5 and said layer of semiconductor material comprises sHlcon. 

4. The method of claim 1 wherein said graded layer of Ge^Si,.,, has a final composition in the range (0.65 S 
x S 1.0) and said layer of semiconductor material comprises Indium gallium phosphide. 

5. The method of daim 1 wherein said graded layer of Ge„Siv, has a final composition of pure germanium 
and said layer of semiconductor material comprises gallium arsenide or alurnirnim gallium arsemde. 

6. The method of daim 1 wherein said epitaxial layers are grown by molecular beam epitaxy. 

7. The method of daim 1 wherein said epitaxial layers are grown by chemical vapor deposition. 

8. The method of daim 1 further comprising the step of providing said silicon substrate with a recessed tub 
having a depth equal to the sum of the thickness of the graded layer of Ge^ and the cap layer. 

». The method of daim 1 wherein the temperature of growth of said graded layer of Se^.. is scaled in pro- 
portion to the melting temperature of the Ge^Slv^ 

10. The method of daim 1 wherein the area of said graded Ge^k, layer exceeds 12.000 square microns. 

11, A MODFET device comprising 

a layer of germanium-silicon alloy having germanium concentration in the range between 1 0 percent 

ard 50 percent 

a layer of strained siicon epitaxialty grown on said layer of afloy; 

a second layer of germankinvslicon aUoy epItaxiaBy grown on said strained silicon layer, sad sec- 
ond layer including donor dopants and spaced apart contact regions tor dectricafly contacting said slicon 

,ayer source and drain ohmic contacts means disposed on said second layer of alloy for contacting said 

contact regions , j 
Schottky barrier contad means disposed between said source and drain contact means, whereby 
conduction between said source and drain is enhanced by application of a negative voltage to said Schott- 
ky contact 

12 " A ^i^^s^i^con alloy Ge^, (0.10 s x S .50) having a threading dislocation density 

of less than 5x1 O^arr* 

a strained layer of slicon epltaxiaRy grown on said layer of aDoy; 
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a second layer of germankjnvsilicon alloy epitaxial* grown on said strained layer of silicon; and 
s for making electrical contact with spaced apart regions of said strained slicon layer. 



13. A device according to claim 12 wherein said strained layer of silicon is undoped. 

14. A device according to datm 12 wherein at least one of said layers of germaniunvsflteon alloy is iwtoped. 
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